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showed resistance to 5-FU (100 µg/ml) in contrast to the parent strain due to the abolished conversion of 5-FU 1 0 2 into cell toxic 5-fluorodeoxyuridine monophosphate (5-FdUMP) ( Figure 2C ). 8 We have also generated several Figure 3B and Figure S4a ). Three out of 16 (19%) randomly picked colonies were shown to contain the 1 2 4 correct insertion ( Figure S4b ). The double-crossover tetW mutant was subsequently selected by counterselection 1 2 5
of Sm s colonies ( Figure 3B ). The mutant was sensitive to tetracycline compared to the parent strain, as the 1 2 6 minimum inhibitory concentration (MIC) was reduced from 32 µg/ml to 1 µg/ml ( Figure 3C ). The results
2 7
suggest that the IPSD plasmid could be used for genome engineering in bifidobacteria as well. translation. Finally, the insertion location between a stop codon and a terminator was selected to minimize the 1 4 6 polar effects. The recombinant strain showed catalase activity in the presence of hematin ( Figure 4C ), and 1 4 7 improved viability when exposed to H 2 O 2 as compared to the parent strain ( Figure 4D ). The major advantage of this method is that it does not depend on transformation (or conjugation) efficiency.
6 0
However, it needs two pre-requirements: 1) a functional replicon allowing the plasmid to replicate in the host 1 6 1 bacteria; 2) a tightly controlled expression element used to drive recombinase gene expression. The plasmid 1 6 2 pINTZrec contains a pSH71 replicon which is broad-host-range and high-copy-number widely used for 1 6 3 lactobacilli plasmid construction. 26 The plasmid pBIZrec contains a pNCC293 replicon which could replicate in 1 6 4 at least seven different bifidobacterial species. 27, 28 So these two IPSD plasmids are expected to be universally 1 6 5 used for genome engineering in different lactobacilli and bifidobacteria species. However, the inducible 1 6 6 promoters used in this study are not effective in some strains, either due to strong background expression (L.
6 7
sakei NC03) ( Figure S5a ) or low induced expression (L. rhamnosus GG, B. lactis Bb12) ( Figure S5b and S5c).
6 8
Therefore, the development of a universal tightly controlled expression element for lactobacilli or bifidobacteria, 1 6 9 such as tetracycline-regulated systems, is necessary. 29 Another disadvantage is that the IPSD strategy only In conclusion, we have shown that the IPSD plasmid can be used for genome engineering in lactobacilli and 1 7 5 bifidobacteria, with the potential to be extended to other bacterial species. The IPSD strategy could be used in a
Bacterial strains, plasmids and growth conditions. Bacterial strains and plasmids used in this study are 1 8 2 listed in Table S1 . Lactobacillus strains were generally cultured at 37 °C in deMan Rogosa Sharpe (MRS) Lactobacillus strains and E. coli VE7108 strain, and 100 μ g/ml spectinomycin for Bifidobacterium strains and E. 1 8 9
coli DH5α strain.
9 0
Plasmid construction. The primers used in this study are listed in Table S2 . For construction of IPSD vector 1 9 1 pINTZrec used for lactobacilli genome engineering, the two six DNA fragments were amplified from site-1 9 2 specific integration vector pEM76 by using the primers pairs SIX-F1&R1 and SIX-F2&R2, respectively, and 1 9 3
inserted into plasmid pNZ8048 on each flank of the Cm r expression cassette generating pNZ8048-SIX. The 1 9 4
orientation of the insertion was confirmed by sequencing. Multiple cloning sites was introduced into pNZ8048-1 9 5
SIX by inserting a linker between PstI and BglII, resulting in the plasmid pNZmcs-SIX. The β -recombinase gene 1 9 6
was amplified from plasmid pEM94 and inserted into plasmid pVPL3017 downstream of the sakacin-inducible 1 9 7
promoter P orfX generating pVPL3017-rec. Subsequently, the P orfX -rec expression cassette was digested using SalI 1 9 8
and HindIII, and inserted into similarly digested pNZmcs-SIX plasmid to obtain the final plasmid pINTZrec. 
0 5
For construction of IPSD vector pBIZrec used for bifidobacteria genome engineering, the lox66-Smr-lox71 2 0 6 DNA fragment was amplified by PCR amplification from pDP870 using primers lox66-F and lox71-R, followed 2 0 7
by insertion into pDP870 between EcoRV and EcoRI generating pDP870-lox. The L-arabinose inducible 2 0 8
promoter araC-P BAD was amplified from E. coli DH5α genomic DNA using primers araP-Cre-F1 and araP-Cre-2 0 9
R1 and the recombinase gene Cre was amplified from plasmid pAdTrack-Cre using primers araP-Cre-F2 and 2 1 0 araP-Cre-R2. The araP-Cre DNA fragment was generated by overlap PCR using primers araP-Cre-F1 and araP-2 1 1
Cre-R2, and a mixture of araC-P BAD and Cre PCR products as templates. The araP-Cre DNA fragment was then 2 1 2 inserted into pDP870-lox between AccI and HindIII generating pBIZrec.
1 3
For construction of the plasmid used for B. longum IF3-53 tetW gene inactivation, two 497 bp DNA fragments, 2 1 4
